With the increasing amount of experimental data on gene expression and regulation, there is a growing need for quantitative models to describe the data and relate them to the different contexts. The thermodynamic models reviewed in the preceding paper provide a useful framework for the quantitative analysis of bacterial transcription regulation. We review a number of well-characterized bacterial promoters that are regulated by one or two species of transcription factors, and apply the thermodynamic framework to these promoters. We show that the framework allows one to quantify vastly different forms of gene expression using a few parameters. As such, it provides a compact description useful for higher-level studies, e.g., of genetic networks, without the need to invoke the biochemical details of every component.
Introduction
Biology is undergoing a transformation from a component-centric focus on the parts towards a system-level focus on how a limited number of parts work together to perform complex functions. For gene regulation, this theme has been discussed extensively in the context of simple genetic circuits [1, 2, 3, 4] as well as complex, developmental networks [5] . The functional properties of a genetic circuit often depend critically on the degree of cooperativity in the interactions between the molecular components [6] . For gene regulation, this cooperativity is dictated to a large extent by the architecture of the cis-regulatory region [7] and the specific mechanism of transcription activation or repression [8] mediated through interactions among various transcription factors (TF) and the RNA polymerase complex (RNAP). Often, even qualitative features of a gene circuit (e.g., whether a circuit can be bistable or can spontaneously oscillate) cannot be determined without quantitative knowledge of the transcription regulation of key genes in the circuit [3] .
Quantifying the level of gene expression from a promoter starting from the underlying biochemistry/biophysics is a difficult task, due most notably to ignorance of many biochemical parameters, especially their relevant in vivo values. On the other hand, the thermodynamic model reviewed in the preceding article [9] yields several general mathematical forms for the dependence of the fold-change in gene expression on the concentration(s) of the TF(s) regulating transcription. These general forms contain only a few parameters characterizing the effective interactions between the molecular players. Thus, from a practical standpoint, it seems expedient to quantify the transcription regulation of a gene by fitting expression data to the appropriate model function to obtain effective parameters that best describe the promoter [10, 11] . This procedure may be useful even when the simplifying assumptions made by the thermodynamic models are not satisfied [9] . By analyzing gene expression data within the thermodynamic framework, one can elucidate whether an assumed set of interactions between TFs and RNAP can consistently explain the data. Failure of the analysis can suggest important missing ingredients, such as unknown mechanisms of cooperativity, while success can lead to predictions for new experiments, e.g., how operator deletion would affect gene expression.
There has been much recent progress in understanding the mechanistic aspect of bacterial gene regulation [8] . However, the systematic quantification of gene expression is still in its infancy. In this paper, we review a number of experimentally characterized cis-regulatory systems in bacteria, and provide for each case what we believe to be the most appropriate form for the dependence of the fold-change in promoter activity on the TF concentration(s). For each system, we show graphically how the expected form depends on the effective parameters. We hope to demonstrate how the thermodynamic models can provide a direct link between the arrangements of interactions in a promoter region and the quantitative characteristics of gene expression.
Quantitative Characteristics of Activation and Repression
Our quantitative discussion focuses on a number of well-characterized bacterial promoters controlled by one or two species of TFs. We use the results of the thermodynamic model listed in Table 1 of the preceding paper [9] and reproduced as Table 1 in this paper. We make the additional simplifying assumption that the in vivo promoters are weak, so that even at full activation, the equilibrium gene expression is still small (e.g., < 10% of the strongest promoters).
Indeed for a large number of bacterial promoters, the expression is small in the exponential growth phase when compared to the ribosomal genes, for example, which are fully turned on [12] . In this weak promoter limit, the fold-change in promoter activity (henceforth simply referred to as "fold-change") is given directly by the regulation factor F reg listed in Table 1 .
Simple activation. The simplest example of activation involves the binding of an induced TF to a single operator site, and the subsequent recruitment of RNAP. This is the case with the lac promoter of E. coli shown in Fig. 1a (in the absence of the lac repressor) [13, 14] . The activating TF is the CRP dimer in complex with cAMP, the inducer molecule. Entry 2 in Table 1 shift. This is a reflection of the multiplicative nature of independent synergistic activation. An alternative way of visualizing the same result is the 3d plot of Fig. 4c .
In another experiment by Joung et al. [19] , the proximal site (O 2 ) was engineered to bind CRP rather than cI (see Fig. 5a , left). An important result of these experiments was that the foldchange with both CRP operators is larger than the product of the fold-changes with one operator alone. This is not consistent with the independent recruitment assumption and suggests additional cooperativity (ω). with results shown in Fig. 6b . We note that the K m values obtained,
and K 3 ≈ 110 nM for the 3 operators, are significantly different from, e.g., the results These results underscore the fact that the relevant TF-operator binding constant for the thermodynamic model is not given by the in vitro measurement (even if the appropriate physiological conditions are used), but must be corrected for by the interaction of the TF with the genomic background [9, 32] . Consistent with the theoretical expectation, the ratios of the K's are in reasonable agreement between the in vivo and in vitro results. We note also that the expected range of promoter activities is much larger than those for the activator-controlled promoters described above. This follows from the strong excluded-volume interaction between the repressor and RNAP, such that more repressor proteins generally lead to stronger repression 1 . In contrast, the sensitivity is limited to 1 s ≤ with a single operator site.
Repression by DNA looping. For the wild-type lac promoter, the degree of repression exceeds 1000-fold with merely ~10 repressor molecules in a cell [14] . This is substantially larger than the < 100-fold repression achievable by the best of the truncated promoters ( 
Given that the three K's are already determined (see Fig. 6b ), there is only one unknown parameter in this case in the form for the fold-change (Entry 9 of Table 1 and K R1 = K R2 , K R2 = K R1 ) and plotted in Fig. 8b . As with the case of cooperative activation (Fig. 2) , maximum log-log slope (i.e. sensitivity) in repression is the largest when K 1 
Phenomenological Model of Transcription Control.
The mathematical description for the different activation and repression mechanisms discussed above can be summarized by very simple forms. For a single TF species with up to two operators in the cis-regulatory region, all of the fold-changes described in Table 1 can be compactly represented by the general form 
The general forms (1) and (2) include many possible mechanisms of activation and repression not discussed above. If 3 binding sites for the TF are involved in the regulatory process, then Eq. (1) or (2) would be generalized to the ratio of 3 rd degree polynomials of the [TF]'s.
The above analysis indicates that by quantitatively measuring the fold-change as a function of the activated TF concentration(s), we can achieve two important goals: (i) By fitting experimental results to an expression such as (1) or (2) , one would obtain a quantitative characterization of the promoter at all TF concentrations by only a few (e.g., 4 or 6) parameters.
This can be done regardless of the validity of the thermodynamic model itself. As discussed previously, the compact description will facilitate quantitative higher-level study of gene circuits.
(ii) By comparing the values of these parameters to the expected forms according to the thermodynamic model (e.g., Table 1 ), one can generate hypotheses on the likely mechanisms of transcriptional control for further experiments. Thus the form of the fold-change in gene expression itself can be an effective diagnostic tool to distinguish subtle mechanisms of transcriptional control.
Conclusion
We have illustrated a variety of promoter activities implemented in different cis-regulatory designs. Also illustrated are important functional differences (e.g., in transcriptional cooperativity, and in the nature of combinatorial control) among promoters characterized by different parameters of the same cis-regulatory construct. These differences often cannot be discriminated by the qualitative characterization of promoter activity predominantly practiced in molecular biology today (e.g., fold-change in gene expression due to deletion of a regulatory protein). Instead, they call for more quantitative characterization, particularly the quantification The maximum log-log slope in the transition region, which is defined as the sensitivity (s), is highlighted with the dashed line and is equal to 0.85. This plot was generated using K = 15 nM, f = 150 . These parameter values were estimated from experiments similar to those of Setty et al. [10] , who measured beta-galactosidase activity as a function of extra-cellular cAMP concentration in E. coli MG1655 cells, but with the additional deletion of the cyaA gene which encodes adenyl cyclase (T. Kuhlman and T. Hwa, unpublished data). The estimated value of the effective dissociation constant K is dependent on the literature values for a number of biochemical parameters concerning cAMP binding and transport, and is not expected to be accurate to within a factor of 2. (For comparison, previous in vitro measurement of the CRPoperator affinity has ranged from 0.001nM to 50nM depending on the ionic strength of the assay [41,42,43]). Figure 2 : (a) Cis-regulatory architecture for cooperative transcriptional activation in phage lambda P RM promoter. Here we are considering P RM alone without the upstream P L region which affects P RM activity through DNA looping [44] . We also neglect the operator O R3 , which has very weak affinity to cI in the absence of P L [44] . The white boxes denote the operator sites O R1, O R2 and the dark box corresponds to the promoter. The DNA-binding affinity of cI 2 for O R1 and O R2 is described by the dissociation constants K R1 and K R2 , respectively. The activator recruits RNAP and cI dimers interact with one another through intimate, cooperative interactions, both of which are indicated by overlapping protein-protein domains. Note that on log scale, the product appears as an additive shift. At high repressor concentrations, the maximum log-log slope (s) for all the curves is equal to 2 with the exception of K R2 /K R1 =0 (i.e. deletion of O R1 ) where the maximum log-log slope is equal to 1. The latter case corresponds to a single repressive site, O R2 (see Fig. 6 ). This plot was generated using ω ≈ 100 , and K R2 / K R1 ≈ 25 extracted from in vitro biochemical studies [46] . The absolute in vivo value of the K 's are unknown, which is why our concentration is expressed in terms of [cI 2 ]/K R2 . (c) Cisregulatory architecture for transcription repression in P LtetO-1 promoter engineered by Lutz & Bujard [38] . Note that there is no cooperative interaction between the TetR dimers. The log-log plot of fold-change of P LtetO-1 promoter is similar to that of phage lambda P R with a maximum log-log slope equal to 2.
